Optogenetics is a paradigm-changing new method to study and manipulate the behavior of cells with light. Following major advances of the used genetic constructs over the last decade, the light sources required for optogenetic control are now receiving increased attention. We report a novel optogenetic illumination platform based on high-density arrays of microscopic organic light-emitting diodes (OLEDs). Because of the small dimensions of each array element (6 × 9 mm 2 ) and the use of ultrathin device encapsulation, these arrays enable illumination of cells with unprecedented spatiotemporal resolution. We show that adherent eukaryotic cells readily proliferate on these arrays, and we demonstrate specific light-induced control of the ionic current across the membrane of individual live cells expressing different optogenetic constructs. Our work paves the way for the use of OLEDs for cell-specific optogenetic control in cultured neuronal networks and for acute brain slices, or as implants in vivo.
INTRODUCTION
Optogenetics is an emerging technology based on introducing transgenes that code for light-sensitive proteins into cells, and then using light to control cellular behavior (1, 2) . These light-sensitive proteins typically contain or host a chromophore that changes conformation when absorbing light of a certain wavelength. Depending on the function of the light-activated protein, this enables manipulation of cell migration, metabolism, or electrical activity. Optogenetics has been particularly successful in neuroscience, where light-activated ion-channel proteins are now widely used to control the behavior of neuronal cells.
In addition to appropriate gene constructs, precise optogenetic control of cells requires light sources that are spectrally matched to the activation spectrum of the protein of interest and that provide appropriate temporal and spatial control. So far, most optogenetic experiments have used standard arc lamps (3, 4) , lasers (5), or light-emitting diodes (LEDs) (6, 7) . For cells in culture, light is typically delivered through a microscope, whereas in vivo experiments use optical fibers to deliver light to the target cells (8, 9) . For multiple-site stimulation, multiple-point emitting optical fibers have been used (10) . Other developments are based on optrodes (hybrids of light sources and electrophysiological recording electrodes) (11) and arrays of mLEDs (12) (13) (14) (15) . Although these developments are very promising, the spatial resolution of the currently pursued approaches remains limited to dimensions larger than the size of typical cells, and it is unclear whether true cellular or subcellular resolution can be achieved with existing technology. In addition, so far, the number of illumination spots that can be controlled independently is limited.
A potential alternative light source is the organic LED (OLED), a novel type of LED based on p-conjugated, "plastic-type" organic materials. Although most current research on OLEDs is aimed at information displays and solid-state illumination (16) (17) (18) , OLEDs offer a range of highly attractive characteristics for applications in biotechnology and biomedicine. These include simple spectral tuning (19, 20) , mechanical flexibility and low weight (21, 22) , sub-microsecond switching, high brightness, low heating, homogeneous emission, low toxicity, and-most importantly in the context of optogenetics-the potential to provide extremely high spatial resolution (23, 24) . However, bringing OLEDs into contact with an aqueous biological environment requires highly efficient device encapsulation because exposure of the organic materials to as little as a few milligrams of water per square meter of device area leads to catastrophic device failure (25) . Device encapsulation is typically achieved by laminating the OLED between sheets of glass (typical thickness, >100 mm). In this fully enclosed format, OLEDs have been used successfully as light sources for biomedical (26) and sensing (27) (28) (29) applications. However, because of divergence of light, even a micrometer-sized OLED would illuminate a millimeter-scale area at the surface of the encapsulation glass. To date, this issue has prevented researchers from harnessing the high-resolution advantage of OLEDs for lens-free delivery of light to individual cells.
Here, we demonstrate that arrays of microscopic OLEDs can be used as an optogenetic platform to specifically activate the light-sensitive ion channels of individual cells in real time. Using high-performance thin-film encapsulation (30, 31) , we succeeded in culturing eukaryotic cells within less than 2 mm from these arrays without loss of cell viability or damage to the OLED array. The OLEDs allow for lens-free illumination of the individual cells with much higher spatial resolution than existing methods. The light intensity provided by the OLED arrays is sufficient to specifically stimulate electrical activity in light-sensitive, genetically modified human embryonic kidney (HEK)-293 cells, and the achievable shifts in membrane potential are compatible with the levels required to induce action potential firing in neuronal cells.
RESULTS
Structure, optical power, and stability of OLED microarrays Figure 1A shows a schematic illustration of the OLED array with a blue-emitting fluorescent p-i-n (p-type, intrinsic, n-type) OLED stack deposited directly on top of a CMOS (complementary metal-oxidesemiconductor) backplane circuit and covered with a common cathode. Aluminum anode pads with a pitch smaller than a typical adhered cell (area, 6 × 9 mm 2 ) are integrated with the backplane to define the OLED pixels. In total, the arrays comprise 230,000 pixels across an area of 20 mm To harness the high resolution of the OLED microarrays and the unrestricted simultaneous switching of pixels for pattern generation, cells have to be in close proximity to the OLEDs; ideally, the separation is less than the pixel size. To enable close contact while still protecting the water-sensitive OLED materials from the aqueous cell culture environment, OLED arrays were protected by a thin-film encapsulation barrier consisting of alternating layers of Al 2 O 3 and an organic Barix polymer (three layers of Al 2 O 3 and two layers of polymer; total thickness, 1.5 mm; Vitex Systems) (31) . This barrier system achieves water transition rates as low as 10 −6 g m −2 day
, and we have previously found that OLEDs protected in this way can be fully immersed into a salt buffer solution for 72 hours without compromising device performance (32) . As discussed below, the barrier also provides sufficient protection to allow adhesion of cells to the barrier surface without damaging the OLEDs underneath.
Adherence and viability of HEK-293 cells on OLED microarrays Good adherence and viability of cells on a given substrate are essential for long-term investigations of cell behavior. To promote cell adherence, we coated the thin-film encapsulation covering the OLED array with a thin layer of poly-L-lysine and a thin layer of the extracellular matrix protein fibronectin. When following this procedure, HEK-293 cells readily attached and proliferated on the array (Fig. 2) . The morphology of cells on the OLED arrays was very similar to the morphology of control cells on a standard culture dish (see 12 hours in Fig. 2 ). Within 60 hours of seeding, cells proliferated to confluence on both the OLED array and the culture dish, confirming that growth rates and cell viability are not affected by using the OLED array as substrate. Propidium iodide staining was performed 60 hours after cell seeding and showed that the fraction of dead cells on the OLED arrays was negligible (Fig. 2, D and H), again confirming the absence of any cytotoxic effect.
Optogenetic stimulation of HEK-293 cells with OLED microarrays
We tested the suitability of our OLED array for optogenetic activation with HEK-293 cells that were genetically modified to produce a We tested two mutants of ChR2 with different channel activation and deactivation kinetics: ChR2-H134R-EYFP (enhanced yellow fluorescent protein) shows fast switching behavior (1 ms for activation and 21 ms for deactivation) (33) ; by contrast, ChR2-C128S/D156A-mCherry is a double mutant of the wild-type ChR2 and shows bistable switching characteristics, that is, once activated with light, the ion channel remains open in the dark (deactivation time constant, 29 min) and can be closed again by exposure to green or red light (8) . Both ChR2s are most effectively opened by light of around 470-nm wavelength. The emission spectrum of the OLEDs used here was tuned to match the spectral response of the ChR2s (peak wavelength, 477 nm; full width at half maximum, 44 nm; Fig. 3A ). Both channel proteins are tagged with a fluorescent protein marker (EYFP and mCherry, respectively) to visualize their expression level and location within cells.
To investigate whether illumination by the OLED microarrays can open a significant number of ChR2s, we integrated the OLED arrays with a patch clamp setup (Fig. 1, A and C) . ChR2-expressing HEK cells were identified on the OLED array by live-cell fluorescence imaging of their fluorescent protein tag (Fig. 3B, left) ; whole-cell patch clamp recordings were obtained using a fine-glass capillary electrode.
The current across the cell membrane was continuously monitored in voltage clamp mode while cells were stimulated with blue light from the OLED array (Fig. 3B, right) . Upon stimulation, the measured membrane current changed significantly, both for a cell expressing ChR2-H134R-EYFP (HEK-293 R ; Fig. 4A ) and for a cell with ChR2-C128S/D156A-mCherry (HEK-293 S+A ; Fig. 4B ), but did not change for a cell from a nontransfected control population (HEK-293 wt ; Fig. 4C ). During illumination, the measured current in the ChR2-expressing cells was negative, consistent with the opening of ChR2s in the cell membrane and an associated influx of cations. The effect is most pronounced, if all pixels of the OLED array are switched on simultaneously. For the HEK-293 S+A cell, we also measured a substantial current if only three pixels directly underneath the cell were turned on, whereas for the HEK-293 R cell, no significant change in current was visible with this more limited stimulation.
To substantiate our finding, we repeated the above measurements for multiple cells. When all pixels on the OLED array were turned on, the mean current change (±SEM; see Materials and Methods) was −18.6 ± 4.6 pA for HEK-293 R cells (n = 11) and −21.7 ± 4.0 pA for HEK293 S+A cells (n = 16) (Fig. 4D) . The HEK-293 wt cells without light-sensitive ion channels did not show a significant change in current upon light exposure (0.1 ± 0.4 pA; n = 3). In addition to providing a control to confirm that the current change measured in HEK-293 R and HEK293 S+A was indeed induced by light from the OLEDs, this also shows that there were no adverse thermal effects due to OLED operation in direct vicinity of the cells. When repeating these current recordings with only three pixels turned on directly underneath the target cell (Fig.  4E) , the mean change of inward current for HEK-293 S+A cells was again significant (−8.4 ± 2.6 pA; n = 12) compared to the wild-type cells (0.4 ± 0.5 pA; n = 3). However, for the HEK-293 R cells with the fast ChR2 mutant, no significant change in current was observed (−1.1 ± 0.6 pA; n = 8), suggesting that these cells were less lightsensitive than cells with the double mutant ChR2.
The bistable behavior of the double mutant ChR2 in HEK-293 S+A cells can be clearly seen when comparing the HEK-293 S+A recordings (Fig. 4B) to the HEK-293 R recordings (Fig. 4A) : For the former, the current remained at a negative value after turning the light off, whereas for the latter, it returned to zero within milliseconds. The HEK-293 S+A cells thus effectively act as photon integrators (4); under continuous illumination, more and more ion channel proteins open, which leads to an asymptotic increase in the current across the membrane. By contrast, the HEK-293 R cells quickly reach an equilibrium state in which the rate at which channels are opened by light exposure is equal to the rate of spontaneous channel closure. The higher light sensitivity of the HEK-293 S+A cells compared to the HEK-293 R cells is most likely associated with this difference in channel behavior.
The fact that a larger current is generally induced when activating all pixels on the OLED array instead of just three pixels underneath the investigated cell can be explained by considering that, for most cells, the illumination spot provided by the three pixels did not cover the full area of the cell. Scattering of light from regions of the OLED array that are far away from the cell may also contribute to the larger currents.
Spatial control of optogenetic stimulation of HEK-293 with OLED microarrays To test whether OLED microarrays provide spatial control over cell activation, we next compared the photocurrents that are induced when pixels were turned on at different positions relative to a patched cell. Figure 5 shows current recordings of a representative HEK-293 S+A cell that was exposed to different illumination patterns. (After applying each of the illumination patterns, green epi-illumination through the microscope was used to homogeneously close the channels in all cells on the array and thus stop the ion current influx.) When the entire OLED array was turned on, the change in current was −25.3 pA. As before, for three pixels turned on underneath the cell, the induced current was somewhat smaller but still significant (−14.9 pA). When three pixels just next to the cell were switched on instead (distance of the center of the three pixels to the cell center, <30 mm), the current change was negligible (−1.1 pA). This confirms that, because of the close contact between cells and OLED pixels, there is no issue with divergence of light and, thus, only cells directly on top of active pixels are activated.
To rule out that the recorded signals are a measurement artifact, for example, from light-induced current in the patch clamp electrode itself, we also checked the response for three pixels underneath the electrode but not underneath the cell itself. Again, no significant change in current was observed (1.9 pA).
DISCUSSION
One of the main practical challenges to the commercialization of OLED technology has been the extreme sensitivity of the used materials to water and oxygen. This has necessitated intricate and often bulky device encapsulation strategies. However, we find that, by using state-of-the-art thin-film encapsulation, one can use OLEDs immersed in cell culture medium over the course of several days without losing device functionality. In the future, there may be interest in using OLED light sources in in vivo settings, for example, as implantable and flexible light sources for optogenetics or for biosensing; this may require further improvements in encapsulation performance. A particularly promising approach in this context is atomic layer deposition (ALD), a method for growing conformal and dense nanolaminates of oxides at temperatures <100°C (25) . Using low-temperature ALD, water permeation rates down to 5 × 10 −7 g m −2 day −1 have been demonstrated (34) . The OLED-induced membrane currents observed for HEK-293 S+A cells in this work are in the range of −15 to −25 pA (depending on the area of illumination). Using Ohm's law and the average resistance of the cell membrane (700 megohms in our case), these currents translate into increases in membrane potential of 10 to 20 mV. This is within the range of the depolarization required to evoke action potential firing in neuronal cells (typically 5 to 20 mV) (35, 36) and implies that, even in their present form, our OLED microarrays should be suitable to control activity in cultures of primary neurons. To use OLEDs in conjunction with faster and less light-sensitive ChR mutants, such as ChR2-H134R, and to ensure robust control over action potential firing, higher OLED brightness will be favorable. At present, the maximum achievable brightness of our OLED arrays is limited by the CMOS driver electronics. In principle, OLEDs can achieve substantially higher brightness, in particular because pulsed operation and small active areas can be used for optogenetic control. At very high brightness, OLED efficiency typically decreases because of bimolecular annihilation processes and Joule heating, an effect known as roll-off or droop (37) . However, there are various strategies for mitigating roll-off, and OLEDs have been operated at currents of tens of amperes per square centimeter without drastic loss in efficiency (38) .
The most appealing feature of OLEDs in the context of optogenetics is their ability to provide fine spatial control over the area of illumination in a lens-free configuration. In previous work, we demonstrated the use of OLED arrays to control the phototaxis of freely swimming singlecell freshwater algae (32) . However, the algae cells were not attached to the OLED array, and in addition, they were naturally light-sensitive. Here, we have demonstrated that OLED microarrays can be used for optogenetic manipulation of individual live cells from the HEK cell line that express the light-sensitive ChR mutant C128S/D156A. In contrast to earlier work, these cells adhered to the array, were genetically modified to be sensitive to light, and showed subtle changes in physiology. This paves the way for using OLEDs to investigate the function and operation of neuronal networks. Compared to other light sources, such as arc lamps, lasers, or LEDs, OLED arrays combine high spatial resolution and close contact between cells and light source with the ability Fig. 4 . Specific optogenetic activation of ChR-expressing HEK-293 cells with OLED microarrays confirmed by whole-cell patch clamp measurements. (A to C) Examples of patch clamp current (I) recordings for a HEK-293 cell expressing the ChR2-H134R ion channel (HEK-293 R ), a cell expressing the ChR2-C128S/D156A channel (HEK-293 S+A ), and a wild-type cell (HEK-293 wt ). Cells are stimulated by blue light from the OLEDs for a controlled period of time (blueshaded area). Stimulation is applied by light either from all pixels of the array (dark gray traces) or from just three pixels directly underneath the target cell (green traces). (D and E) OLED-induced change in current for multiple cells (n, number of cells tested) with the full array on (D) and just three pixels on (E). The mean current change is indicated by a white circle, the SEM by the range of the box, the median by a dashed line, and the data range between minimum and maximum by the range of the whiskers. Numbers (1) to (6) indicate the measurements shown in (A) to (C). P values are according to Mann-Whitney U test.
for complex light-pattern generation. In the future, the light pattern provided by OLED arrays can be configured to achieve optimal illumination of the cell (or cells) of interest while minimizing light delivery to neighboring cells. Complex patterned illumination will also facilitate activation of multiple specific cells of interest within a complex network while leaving other cells unaffected. Alternatively, subcellular components (for example, axon, soma, and dendrites) may be addressed. Because of their fast dynamic reconfigurability, OLED arrays provide an ideal platform to perform optogenetic experiments that require high spatiotemporal resolution, for example, to study signaling processes in networks of cultured neurons. In the present configuration, the maximum speed at which the illumination pattern can be reconfigured (120 Hz, 8 ms) is given by the CMOS driver electronics. Although this may already be sufficient in many cases, the fundamental limit to switching time is the exciton lifetime of organic emitters, which is in the nanosecond range, that is, much shorter than the neuronal processes that one would study with optogenetic tools.
Finally, chemical tuning of organic semiconductors allows one to adjust their physical properties over a wide range. For instance, the emission spectrum of OLEDs could be readily matched to the action spectrum of any future ChR mutants. By using stacked devices with two separately controllable OLEDs emitting light of different colors (20, 39) , one may even be able to simultaneously control two or more colocated light-sensitive targets.
Considering these unique advantages of OLED microarrays and the rate at which the OLED technology has advanced in the past, we believe that OLEDs are ideally positioned to develop into a useful platform technology for investigating and controlling biological processes in single cells or whole organisms.
MATERIALS AND METHODS
OLED microarrays OLED microarrays were obtained from Fraunhofer FEP. They are based on a CMOS backplane with an active area of approximately 20 mm 2 and 230,000 individually addressable pixels, each defined by a 6 × 9 mm 2 -sized aluminum anode. Each microarray is bonded to a flexible flat cable that connects to a custom HDMI driver interface. The brightness of all OLEDs in the array can be adjusted by tuning the Fig. 5 . Spatial resolution of the optogenetic activation achieved with OLED microarrays. A HEK-293 S+A cell attached to an OLED microarray is stimulated with different patterns of blue light from the array for 30 s (blue-shaded area) and subsequently deactivated with green light after switching off the OLED array (green-shaded area). The current (I) across the cell membrane is monitored using the whole-cell patch clamp recording technique during different stimulation patterns, as indicated by the schematic representations on the left. First row, full array switched on; second row, three pixels switched on underneath the cell; third row, three pixels switched on directly next to the cell but not underneath; and fourth row, three pixels switched on next to cell and underneath the patch pipette. The mean current change (DI) during light stimulation is indicated in red for each recording.
voltage supplied to the common cathode. However, at large negative cathode bias, pixels in the off state also begin to emit light. To prevent this, for all results presented here, the cathode voltage was set to 3 V, which yielded an optical power density of 1 W m −2
. The arrays were operated at a frame rate of 60 Hz, and the digital brightness level was set to 255.
Electrical and optical characterization of OLED microarrays The optical power density was measured with a calibrated power meter (Gentec-EO) for a range of cathode voltages. The emission spectrum was recorded with a charge-coupled device spectrometer (Andor).
Cell proliferation and viability on OLED microarrays
Wild-type HEK cells (HEK-293 wt ) were obtained from Sigma-Aldrich. HEK-293 cells stably expressing ChR2-H134R-EYFP (a ChR2 mutant fused to enhanced yellow fluorescent protein; HEK-293 R ) were provided by M. Antkowiak and F. J. Gunn-Moore (both University of St Andrews). All cell lines were cultured on standard tissue culture flasks and dishes (Greiner Bio-One) in Dulbecco's modified Eagle's medium (high glucose, with GlutaMAX; Life Technologies) with 10 volume % fetal calf serum (Biochrom) and 1 volume % penicillin-streptomycin (10,000 U/ml; Life Technologies). Cells were maintained at 37°C, 5% CO 2 , and 95% humidity. OLED arrays were successively coated with poly-L-lysine [0.1 mg/ml in phosphate-buffered saline (PBS); Biochrom] for at least 30 min at room temperature and with fibronectin (1 mg/ml in PBS; Life Technologies) for at least 1 hour at 37°C. Seeding density for the cells was 700/cm 2 for the proliferation and cell survival experiments, and 125,000 cells/cm 2 for the optogenetics experiments. The OLED arrays were fully immersed into the medium during cell culture. Imaging of cells on standard culture dishes was performed with an inverted microscope under dia-illumination (phase contrast), whereas images of the cells on OLED arrays were taken with an upright microscope under epi-illumination with a mercury arc lamp and either a beam splitter or a set of fluorescence filters.
Transient cell transfection
The plasmid pAAV-CaMKIIa-hChR2(C128S/D156A)-mCherry (Addgene, 35502, K. Deisseroth) was amplified using E.Z.N.A. Plasmid Mini Kit II (Omega Bio-tek) and stored at −80°C. For transfection, the Lipofectamine 3000 kit (Life Technologies) was used according to the manufacturer's protocol. Final concentrations of Lipofectamine 3000 (3 ml/ml), P3000 reagent (2 ml/ml), and plasmid DNA (1 mg/ml) were applied. Cells were transferred from the culture dish onto the OLED arrays 48 hours after transfection using Trypsin-EDTA (0.25%; Life Technologies) and kept on the arrays in culture medium containing 1 mM all-trans retinal (Sigma-Aldrich) for 24 hours before electrophysiological measurements.
Optical stimulation
For optical stimulation, the appropriate video signals (with either the entire array on or three selected pixels on) were sent to the OLED microarrays via the HDMI controller. HEK-293 S+A cells were deactivated with green light (560/40-nm band-pass filter; Chroma) from a 120-W mercury arc lamp (X-Cite series 120Q; Lumen Dynamics).
Electrophysiological measurements
Whole-cell patch clamp recordings were performed on HEK-293 wt (wild-type), HEK-293 R (H134R mutant), and HEK-293 S+A (C128S/ D156A mutant) cells. During the measurement, cells were kept at room temperature and perfused with oxygenated (95% oxygen, 5% CO 2 ) artificial cerebral spinal fluid (127 mM NaCl, 1.25 mM KCl 3 , 1.25 mM NaH 2 PO 4 , 1 mM MgCl 2 , 2 mM CaCl 2 , 26 mM NaHCO 3 , and 10 mM glucose). Imaging of the cells was done under epi-illumination with an upright microscope and light from a 120-W mercury arc lamp filtered with a 600-nm long-pass filter. Patch clamp capillaries (approximately 6-megohm resistance) were pulled on a horizontal puller (Sutter Instrument) from borosilicate glass (World Precision Instruments) and filled with an internal solution containing 140 mM KMeSO 4 , 10 mM NaCl, 1 mM CaCl 2 , 10 mM Hepes, 1 mM EGTA, and 3 mM Mg-ATP (adenosine triphosphate). For whole-cell patch clamp recordings, the patch capillary was pressed against the cell membrane. A small piece of membrane was pulled into the pipette via suction, creating a tight seal between the membrane and pipette. Stronger suction broke the patch of membrane so that the electrode within the pipette was in contact with the intracellular space. The holding potential, that is, the potential difference between the inside of the cell and the outside (measured with the patch electrode relative to the ground electrode), was fixed to −60 mV and the resulting membrane current was measured (voltage clamp mode). Signals were amplified and filtered (4-kHz low-pass Bessel filter) with a MultiClamp 700B amplifier (Molecular Devices) and acquired at 50 kHz using a Digidata 1440A A/D board and pCLAMP software (Molecular Devices).
Analysis of the patch clamp recordings
Data were analyzed using Clampfit software (Molecular Devices). The mean current changes quoted in the text corresponded to the difference between the current during light stimulation and the current before/after light stimulation. To improve the signal-to-noise ratio, the current was averaged over 5 s in each case. To account for possible baseline shifts, the mean of the current before and after light stimulation was used. Statistical significance was tested for via Mann-Whitney U test for the sample groups HEK-293 wt /HEK-293 R and HEK-293 wt / HEK-293 S+A (Fig. 4, D and E) . For the representative patch clamp recordings in Figs. 4 and 5, data were reduced to 10 Hz and filtered with an eight-pole Bessel filter (cutoff, 100 Hz). For the data shown in Fig.  5 , the current change is calculated by temporal averaging over a 5-s time window as above.
